Introduction
Mesenchymal stromal cells (MSCs) have been used in a large number of clinical trials due to their immunomodulatory and regenerative properties. As the levels at which these cells are present in tissues are low, these therapies require large-scale good manufacturing practice(GMP)-compliant expansion processes. The medium used for the cell culture is a key compliance factor [1, 2] . Although effective, the use of fetal bovine serum (FBS), which is currently the standard supplement for cell expansion, or other animalderived components is highly discouraged by regulatory agencies due to the risk of transmitting xenogenic infectious agents and immunization [3, 4] . Additional disadvantages of FBS include its scarcity, batch-to-batch variations impacting culture reproducibility, and ethical concerns [1] . Therefore, the scientific community has proposed FBS alternatives. Chemically defined supplements successfully used to produce recombinant therapeutic proteins have not yet proved to be effective to support MSC growth. Using human blood-derived components such as human serum (autologous or pooled allogeneic), umbilical cord blood serum, and platelet products seems to be the most efficient and safest approach available so far [1, 5] . The potential risk of these products is reduced because human blood components have been in clinical use for years. They are derived from healthy blood donors and tested according to blood bank standards for infectious and immunological parameters [5] .
Among the blood-derived components, human AB serum (AB HS) can be considered a promising FBS alternative due to its availability and possibility of autologous usage [6] . Various studies have reported on the successful use of this supplement for different types of cells, including MSCs [4, [6] [7] [8] [9] [10] [11] . However, none of these studies have addressed different sources to produce AB HS or con-
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ducted a more in-depth characterization of this product. Considering that well-characterized media supplements are essential to maintaining the cellular qualities required for the intended clinical application [6] , the aim of this study was to evaluate two plasma sources for AB HS production regarding their biochemical profile, quality parameters, and efficacy to support MSC growth after different storage times (0, 3, 6, 9, and 12 months).
Material and Methods

Plasma Selection and AB HS Production
For the AB HS production, AB plasma removed from whole blood after 24 h of collection (PC > 24 h) and AB plasma cryoprecipitate reduced (PCryoR) from donations provided by the Regional Blood Center of Ribeirão Preto, Brazil, were selected in compliance with the consent and approval of the Ethics Committee from the Central Hospital, Ribeirão Preto Medical School, University of São Paulo (HCFMRP-USP) (CAAE: 15694613.5.1001.5440). PC > 24 h equals plasma whose freezing process did not meet the technical specifications for therapeutic use which require fractionation within 18 h and storage at -20 ° C within 24 h. PC > 24 h can be fractionated and maintained at room temperature for up to 24 h before being stored at -20 ° C. PCryoR (also called fresh frozen, cryoprecipitate-depleted) is a byproduct of cryoprecipitate preparation [12, 13] . Three batches of AB HS from PC > 24 h and 3 batches from PCryoR were produced, each one pooled from 6 different donors.
Plasma was selected according to the following characteristics: blood type AB-positive; negative irregular antibody testing; negative serologic testing for hepatitis B (HBsAg and anti-HBc), hepatitis C, HIV type 1 and type 2, Chagas disease, syphilis, and human T cell lymphotropic virus (HTLV) type 1 and type 2; nucleic acid testing (NAT) negative for HIV, hepatitis B and C; male or female donors without a history of pregnancy in order to prevent transfusion-related acute lung injury (TRALI) reactions; visual analysis, i.e., plasma with clear appearance (not lipemic) and without hemolysis.
The production process was based on the protocol described by de Lima Prata et al. [9] with some modifications. For each batch, 6 AB plasma units were thawed in a water bath at 37 ° C and transferred to a 2-liter sterile plastic bag using 2 drips to administer intravenous solutions via a sterile connection unit. To this pooled human plasma, CaCl 2 (0.1 mol/l) was added at a ratio of 9: 1. The bag was then incubated for 180 min at room temperature. Afterwards, fibrin clots were removed by filtration (170 μm), and the serum was transferred to a new 2-liter bag and incubated for 48 h at 4 ° C (2-6 ° C). After this, AB HS was filtered again (filter 170 μm) to remove residual fibrin clots and then sterilized by filtration (0.2 μm). The batches produced were stored at -20 ° C.
AB HS Quality Control
To ensure quality and reproducibility as well as to identify possible changes that could reduce the effectiveness of the AB HS produced, various analytical parameters were evaluated: -Sterility regarding bacteria, fungi, and mycoplasma: Mycoplasma detection was performed using the MycoAlert TM commercial kit (Lonza, Rockland, ME, USA) according to the manufacturer's instructions. Bacteria and fungi were detected using the microbial detection blood culture system BacT/ ALERT ® (BioMérieux, Paris, France). For this analysis, 4 ml of the produced AB HS were inoculated into the BacT/ALERT PF kit under sterile conditions and incubated in the BacT/ALERT system for 14 days. 
MSC Culture
All experiments were performed using MSCs derived from umbilical cord matrix obtained from a cell bank at the Regional Blood Center of Ribeirão Preto (HPCR nº14906/2010, HPCR 920/2009). To eliminate MSC heterogeneity among donors, MSCs were obtained from only one donor to better evaluate batch-to-batch reproducibility and to analyze the effect of plasma sources that were used for production of AB HS on MSC expansion.
MSCs were cultivated using alpha-MEM culture medium (Gibco-BRL, Gaithersburg, MD, USA) supplemented with 10% antibiotic (penicillin/streptomycin; Gibco-BRL, Gaithersburg, MD, USA), 2.6 g/l HEPES (Gibco-BRL) and 2.2 g/l sodium bicarbonate (Merck, São Paulo, Brazil). In addition, the medium was either supplemented with 10% FBS (Fetal Bovine Serum CharacterizedHyClone TM ; Logan, UT, USA) (control) or with 10% of the AB HS produced for the purpose of this study. Cells cultured in 10% AB HS were isolated using AB HS, and cells cultured in 10% FBS were isolated in an FBS-containing medium.
Cryopreserved cells were thawed in passage 3 and seeded at a concentration of 1.5 × 10 5 cells/ml in T-flasks (75 cm 2 ) with 15 ml of the culture medium supplemented with 10% AB HS / FBS (3 × 10 4 cell/cm 2 ). A monolayer culture was kept at 37 ° C in a 5% CO 2 humidified incubator and trypsinized with Tryple TM Select solution (Gibco, Grand Island, NY, USA) after reaching 80% confluence. Every 3 days, 50% of the culture medium was changed. Experiments were performed in duplicate, and the cells were monitored from the 4th until the 7th passage.
Cell density was determined using an automatic cell counter (MINDRAY BC-2800 Auto Hematology Analyzer; Mindray Bio-Medical Electronics Co. Ltd., Nanshan, China).
MSC Characterization
MSCs retrieved from static cultures (T-flasks) at the 7th passage after cultivation in culture media supplemented with AB HS and FBS were submitted to characterization as described in detail below.
Flow Cytometry Analysis
Cell-surface antigens were analyzed by staining, using specific monoclonal antibodies. Immunolabeling was performed according to standard indirect immunocytochemistry protocols using the primary antibodies (CD73-PE, HLA-ABC-FITC, CD90-PE, CD105-PerCP, CD146-FITC, CD166-PE, HLA-DRPerCP, CD31-FITC, CD34-PerCP, CD45-FITC, and CD14-PE) and corresponding isotype controls. The cells were analyzed using a FACScalibur TM flow cytometer (Becton Dickinson, San Jose, CA, USA). 10,000 events were captured and analyzed using CELLQuest TM software (Becton Dickinson).
In vitro Differentiation Assays
Adipogenic and osteogenic differentiation was performed as previously described [9] . About 4 × 10 4 cells were seeded in 24-well plates and cultivated in an expansion medium (a-MEM plus 7.5% FBS) until almost complete confluence was reached. The following day, the medium was switched to a differentiation medium and the culture was maintained for 3 days. The medium was then changed every 2 days until day 21 for adipogenic, and day 28 for osteogenic differentiation. The culture medium for the adipogenic differentiation consisted of alpha-MEM 15% FBS supplemented with 10 μg/ml insulin (Sigma-Al- drich, Saint Louis, MO, USA), 100 mmol/l indomethacin (Sigma-Aldrich), and 0.10 μmol/l dexamethasone (Sigma-Aldrich). The culture medium for osteogenic differentiation consisted of alpha-MEM 7.5% FBS supplemented with 10 μmol/l b-glycerol phosphate (Sigma-Aldrich), 100 μmol/l L-ascorbic acid (Sigma-Aldrich), and 10 μmol/l dexamethasone. For chondrogenic differentiation, 1 × 10 7 cells were plated in droplets (10 μl) on Ultra-Low Attachment multiwell plates (Corning, Lowell, MA, USA). The plates were left in the incubator for 30 min. Afterwards, Dulbecco's Modified Eagle's Medium (DMEM) was supplemented with 100 mmol/l sodium pyruvate, 20% albumin, 20 mmol/l ascorbic acid and 1 mmol/l of dexamethasone. After 15 days, cells were fixed with paraformaldehyde (4%) for 30 min, washed twice with PBS and stained with Alcian blue (1%, Sigma-Aldrich) for 2 h to assess proteoglycan synthesis.
Inhibition of T-Lymphocyte Proliferation
The inhibition of T-lymphocyte proliferation potential was assessed with cells cultured in AB HS / FBS in 24-well plates (triplicate). Peripheral blood mononuclear cells (PBMCs), stained with 2.5 mmol/l CFSE (carboxyfluorescein diacetate succinimidyl ester; Molecular Probes, Eugene, OR, USA) and stimulated with 1 mg/ml phytohemagglutinin (PHA) (Sigma-Aldrich), were co-cultured with different MSC concentrations (1: 2, 1: 5, and 1: 10) for 5 days. Control wells consisted of CFSE-labeled PBMCs stimulated with PHA in the absence of MSCs.
At the end of the experiments, the cells were stained with CD3-APC (Becton Dickinson) and analyzed by flow cytometry. The ability of MSCs to inhibit the proliferation of T lymphocytes was calculated by the proliferation ratios of PBMCs cultured without or with different concentrations of MSCs.
Cytogenetic Analysis
The cytogenetic profile of the MSCs (n = 5) was evaluated after 12 months of storage in alpha-MEM medium supplemented with different batches of AB HS. FBS-cultured cells were also submitted to conventional cytogenetic analysis. The cells were maintained in static flasks until 70% confluence was reached. 150 μl colchicine (10 μg/ml) (Colcemid; Sigma Aldrich) was used to disrupt the cell cycle in the metaphase. The cells were harvested, underwent hypotonic treatment, were fixated, and then dropped onto glass slides. Next, they were submitted to G-banding with trypsin (Gibco) followed by Wright's eosin methylene blue staining (Merck, Darmstadt, Germany). For each MSC sample, images of at least 20 cells in metaphase were captured [14] and analyzed using the AXIO Imager 2 optical microscopy (Zeiss, Oberkochen, Germany) and the Applied Spectral Imaging software (Applied Spectral Imaging, Carlsbad, CA, USA); all analyzed metaphases presented a level of resolution of 550-band stage. The karyotypes were described according to international criteria for chromosome nomenclature (International System for Human Cytogenetic Nomenclature -ISCN, 2013) [15] .
Statistical Analysis
The results are presented as mean ± standard deviation (SD). Comparisons between experimental results were determined by the Mann-Whitney test. A p value < 0.05 was considered statistically significant.
Results
Production and Quality Control of AB HS
PC > 24 h and PCryoR were used for the AB HS production. Three batches of PC > 24 h and 3 batches of PCryoR-derived serum were produced with a yield of 96.550 ± 0.004% (initial pooled plasma volume / volume of AB HS obtained).
A quality evaluation was performed for all AB HS batches regarding sterility (bacteria and fungi), Mycoplasma detection, pH, endotoxin, and hemoglobin levels as well as the biochemical parameters usually evaluated in commercial FBS products. These analyses were also performed after 3, 6, 9, and 12 months of storage at -20 ° C to identify the shelf life of this product.
The biochemical profile (table 1) revealed that the levels of most compounds in the AB HS were different from those obtained in FBS (cholesterol, glucose, total protein, iron, potassium, chlorine, gamma GT, uric acid, AST, ALT, alkaline phosphatase, calcium, albumin, LDH, indirect bilirubin and creatinine). The level of osmolality, an important parameter to measure homeostasis in culture media, was similar for AB HS and FBS, as were the levels of triglycerides, sodium, urea, phosphorous, and direct bilirubin. After 3, 6, 9, and 12 months of storage at -20 ° C, new biochemical profiles were obtained to identify possible changes in the AB HS composition; no significant alterations were observed (data for 3, 6, and 9 months not shown).
The protocol for AB HS production adopted in the present study enabled the production of a sterile product without any microbiological contamination, including Mycoplasma (table 2) . Furthermore, the endotoxin levels were below the level recommended by the European Pharmacopoeia (< 5.0 EU/ml) and similar to the levels observed for FBS. Hemoglobin levels were also below the levels observed in FBS. These low hemoglobin levels were expected because only plasma without hemolysis and lipemia was selected for the AB HS production. The pH level was also similar in AB HS and commercial FBS, even after several months of storage at -20 ° C (table 2) .
Comparative Analysis of MSC Expansion Using FBS and AB HS
In this study, MSCs derived from human umbilical cord matrix, which was isolated and expanded in a culture medium supplemented with 10% AB HS, was used. As control, the same cells were isolated and cultured in a medium supplemented with 10% FBS.
During culture, MSC morphology was monitored by phase contrast microscopy. After cell seeding, it was observed that the cells distributed homogeneously over the surface, achieving 70-80% of confluence in a short period of time. As expected, the cells showed a similar spindle-shaped morphology when cultured with 10% FBS or 10% AB HS (PC > 24 h and PCryoR), with an euchromatic, central and large core and an abundant cytoplasm ( fig 1A, B, C) .
The doubling time (DT) and cumulative population doubling (CPD) after 4 passages in the produced serum batches (PC > 24 h and PCryoR) as well as in the control culture (FBS, n = 6) are presented in figure 1D and figure 2. Relevant differences (p > 0.05, Tukey-Kramer test) were not observed regarding the CPD, DT and final increase of MSC expansion in the culture medium supplemented with AB HS when compared to the FBS control medium (table 3) . There were also no differences between AB HS, PCryoR and PC > 24 h.
The efficacy of AB HS supplementation was evaluated after different storage times (0, 3, 6, 9, and 12 months) ( fig. 3) . The results show that there were no significant differences in MSC growth, leading us to the conclusion that the shelf life for AB HS may be at least 12 months. 
Cell Characterization after Expansion
The expression of MSC surface antigens was assessed by flow cytometry after culturing of MSCs in medium supplemented with FBS or AB HS from PCryoR or PC > 24 h. The results demonstrated that there were no significant differences between the tested medium supplements regarding cell markers. The cells showed a low or no expression of hematopoietic cell markers (CD34, CD14, CD45), endothelial cells (CD31) and HLA-DR; however, there was a significant expression of other cell markers, albeit at different lev- In MSCs at passage 7 cultivated with AB HS and stored for 0, 3, 6, 9, or 12 months, adipocyte or osteocyte differentiation was induced ( fig. 5) . The results demonstrated osteogenic and adipogenic differentiation as shown by deposits of calcium (20 days) detected via the von Kossa staining method, and by the presence of lipid vacuoles (13 days) detected by the Sudan II scarlet staining method ( fig. 5 ), respectively.
Cytogenetic analyses were performed after 12 months of storage at -20 ° C using MSCs cultured in medium containing 10% FBS and those cultured in medium supplemented with different batches of AB HS. A representative karyotype of one metaphase is illustrated in figure 6 . The cells presented a normal karyotype without chromosomal abnormalities even after 12 months of storage.
Discussion
In this study, we produced AB HS and characterized it regarding the biochemical profile and quality parameters. The human blood group AB is considered to be the most reasonable choice for serum production due to its lack of ABO antibodies, therefore avoiding harmful reactions [16, 17] . Two plasma sources were evaluated for AB HS production: PC > 24 h and PCryoR. These sources were selected because there is no clinical indication for these products, i.e., they are sent to the blood fractionation industry or discarded. The yield of the production was 96.550 ± 0.004%, which is higher than the yield obtained for platelet lysate (PL) production (84%), another blood-derived component widely used for MSC growth [18] .
All produced AB HS batches presented a similar biochemical profile, regardless of source plasma and storage time. Some differences were observed with regard to AB HS and FBS composition, as was to be expected since they are obtained from different species via different methods. Glucose and calcium levels were higher in AB HS, probably due to the volume of 0.1 mol/l CaCl 2 added to the plasma pool (1: 9) during the conversion from plasma into serum. It is also possible that the dextrose of the citrate phosphate dextrose adenine (CPDA-1) solution, which was added to the plasma, contributed to the considerable increase in glucose in the serum batches. As mentioned in the 'Material and Methods' section, the AB HS were obtained from donor plasma bags, where 60-65 ml of CPDA-1 were added for each 450 ± 50 ml of whole blood. The increased glucose concentration of AB HS was responsible for a 24% increase in the glucose concentration of the supplemented culture medium when compared to the medium supplemented with FBS: 248.5 ± 9.2 versus 187.0 ± 6.9 mg/dl. The biochemical profile of AB HS was similar to the one of a healthy person (data from Central Laboratory, HCFMRP-USP).
Additionally, all AB HS batches met the quality standards necessary to be used in the manufacturing of cell-based products. The use of blood bank-derived plasma adds to the serum quality due to the careful screening of donors required by current legislation (Brazil, Regulatory Ordinance No. 2712 of November 12, 2013), which decreases lot-to-lot variability. In addition, only quarantine plasma, i.e., plasma released after a second serology which is performed when a second donation is received, is used, improving product safety. Another advantage of using blood bank-derived plasma is the availability of serological and molecular assays. In this study, serological assays were performed for hepatitis B (HBsAg and anti-HBc), hepatitis C, HIV type 1 and type 2, Chagas disease, syphilis, and HTLV type 1 and type 2; in addition NAT was used for HIV, hepatitis C, and hepatitis B. In the commercial AB HS product available (Mediatech Inc., Manassas, VA, USA), only serological assays for HIV type 1 and 2, hepatitis B, hepatitis C, HIV antigen (HIV-1 Ag), and ALT are performed.
Microbiological contamination is one of the major risks associated with the administration of cell-based products. Therefore, it is necessary to ensure the safety and quality of the reagents used to prepare the culture medium, and to carefully overview the expansion process. Mycoplasma contamination is a major problem due to the fact that these organisms are resistant to most antibiotics commonly used in cell culture and that they cannot be seen by the naked eye or even light microscopy. Mycoplasma contamination can produce a myriad of different effects and can cause dramatic alterations of biological characteristics of the contaminated cells, e.g., alteration of proliferation characteristics, immune reactions, virus proliferation, or chromosomal aberrations, affecting a pa- tient's health [19] . An endotoxin assay is another requirement for cell-based products; an absence of bacterial endotoxins in a product implies the absence of pyrogenic components. Moreover, endotoxin can induce contractile dysfunction and increased production of immunoglobulin light chains [19] . The use of AB HS in cell therapy is only recently introduced and therefore the feasibility of its production as well as the quality parameters and the effectiveness to promote cell growth should be evaluated. AB HS produced from both plasma sources (PC > 24 h and PCryoR) was able to equally support MSC cell growth. Moreover, DT and CPD obtained for AB HS cultures were similar to the ones of the FBS-supplemented culture. A decrease in the number of cells obtained from passages 5 to 7 was not observed (table 3) . Simões and colleagues [20] observed a reduction in the cell yield when MSCs from different sources (adipose tissue, bone marrow, and umbilical cord matrix) were cultured when comparing xenofree (commercial) and serum-containing medium throughout the passages 3 to 7. Prata [21] described the expansion of MSCs in static conditions using culture media supplemented with AB HS and PL and found no significant differences. Kokaoemer and coworkers [8] also showed the successful proliferation of adipose tissue-derived MSCs (AT-MSCs) cultured in pooled AB HS and thrombin-activated platelet-rich plasma (tPRP), demonstrating a significantly greater proliferative effect of AB HS and tPRP when compared to FBS (standard control). In the first 6 passages, ATMSCs in tPRP and AB HS showed an expansion of 68.1 ± 6.7 and 66.6 ± 15.7, respectively, compared with 24.4 ± 0.7 for FBS. The authors promoted pooled AB serum as the optimal choice considering how easy it is to prepare and the fact that further additives, such as heparin and thrombin in tPRP, are not necessary. Other authors have also reported the efficacy of MSC culture using a supplementation with AB HS [6, 10, 22, 23] . However, there are no reports evaluating different sources to obtain AB HS or the influence of storage time on quality and efficacy of this supplement. In this study, there were no significant differences with respect to MSC growth between the culture medium right after supplementation with the newly produced AB HS, and after storage for up to 12 months at -20 ° C, indicating that the shelf life is at least 12 months ( fig. 3) . The FBS and PL shelf life is 5 years and 18 months, respectively [1] .
Considering the serum sources, some studies stated that using autologous serum as culture medium supplementation provides a better MSC expansion when compared to culture media supplemented with allogeneic serum [6, 11] . However, the amount of autologous serum is limited, and a large part of it is needed for clinical applications. It has been suggested that the natural coagulated serum is more effective than plasma for cell proliferation due to the release of certain polypeptides and growth factors from activated platelets during the coagulation process [24, 25] . Nevertheless, neither fresh serum nor natural coagulated serum are common and broadly available blood bank-derived products. A unique donor would be needed to obtain coagulated serum, and the costs for processing this serum and performing additional tests would exceed the costs of obtaining plasma, since quality controls required for the latter are already part of the routine blood processing.
Another approach described in the literature involves the use of chemically defined serum-free media for MSC culture [26] [27] [28] [29] , therefore reducing batch-to-batch variability. Although a promising alternative, this culture does not maintain an expansion pattern similar to that obtained in cultures supplemented with serum [26, 27] . PL thus far can be considered the most used supplement for GMP-compliant MSC expansion instead of FBS. Several studies have demonstrated the efficacy of PL in supporting MSC cell growth [21, [30] [31] [32] [33] [34] . Heathman and colleagues [34] have shown that PL can be even better than FBS, delivering an increased cell growth in monolayer and also in microcarrier culture. After expansion in AB HS, MSCs presented an immunophenotype profile and a differentiation potential similar to that obtained in the FBS-supplemented culture. Some authors have described that MSCs cultured in FBS were more effective to inhibit T-lymphocyte proliferation than cells grown in PL [22] . Abdelrazik and colleagues [35] showed that MSCs cultivated in a culture medium supplemented with PL presented some alterations in the superficial molecules, leading to a decrease in the inhibition capacity on T cells and in the proliferation of NK cells when compared to the standard supplement FBS. In this study, no statistically significant differences in the percentage of T-lymphocyte inhibition between the culture medium supplemented with AB HS (PCryoR, PC > 24 h) and the one supplemented with FBS were observed. There are no reports describing the MSC capacity in inhibiting T-lymphocyte proliferation when cultured in the presence of AB HS.
MSCs may acquire genetic changes when cultivated in vitro, and conventional karyotyping can be considered a valuable and useful technique to analyze chromosomal stability [14] . As reported by other authors [36, 37] , MSCs expanded in AB HS also presented a normal karyotype after cultivation. Chromosomal abnormalities in the MSCs could affect the health of a patient when infused.
Conclusions
The protocol used for obtaining AB HS was effective because it allowed batch-to-batch reproducibility while maintaining the quality and sterility of the final product. Both plasma sources, PC > 24 h and PCryoR, used for the AB HS production showed similar characteristics regarding their biochemical constituents and other analytical parameters, and were effective as a culture medium supplement for the expansion of MSCs. The culture medium supplementation with 10% AB HS successfully supported the MSC expansion when compared to the control culture (10% FBS), while maintaining immunophenotype, functional features, and cytogenetic profile. Overall, the results indicate that AB HS is an efficient FBS substitute and can be used without impairing the cell proliferation and quality for at least 12 months after production when stored at -20 ° C.
